B y R. P . B e l l , F.R.S., E . G e l l e s a n d E v a M o l l e r {Received 1 March 1949) Kinetic measurements have been made at 25° C on the halogenation of benzoylacetone, acetylacetone, ethyl acetoacetate, ethyl a-bromoacetoacetate and diethyl bromomalonete. A method is described for analyzing the kinetic data and obtaining the rates of substitution of successive halogen atoms without isolating the partly halogenated derivatives.
The reaction velocities measured are all independent of the halogen concentration, and represent the rates of ionization of the ketonic substances in presence of basic catalysts. The results obtained conform in general to the regularities previously found for this type of reaction, but anomalies are found in some instances; these are related to the interaction of large substituent groups in both substrate and anion catalyst. The effect of bromine sub stitution in increasing the reaction velocity is shown to decrease as the reactivity of the ketone increases, and this is explained in terms of the charge distribution in the anion of the substrate.
I n t r o d u c t io n
The original object of this work was to extend to benzoylacetone the investigations of base-catalyzed prototropy which have already been made with a series of ketonic substances (Bell & Lidwell 1940; Bell 1943; Bell, Everett & Longuet-Higgins 1946; Bell, Smith & Woodward 1948) . However, measurements with this ketone led to two more general points of interest. In the first place a new method was devised for obtaining the rates of substitution of successive halogen atoms without isolating the partly halogenated derivatives, and this method was used to re-examine the bromination of acetylacetone and acetoacetic ester. In this connexion measurements were also made on the bromination of a-bromoacetoacetic ester and bromomalonic ester. In the second place it was found th a t certain anion bases showed an unexpectedly great catalytic effect in the bromination of benzoylacetone and bromoacetylacetone, and the same anions were therefore investigated as catalysts in the bromination of acetoacetic ester.
M e a s u r e m e n t s w it h a c e t y l a c e t o n e a n d b e n z o y l a c e t o n e (a) Treatment of successive reactions
As with all the substrates mentioned in this paper, the rate of bromination of these two ketones is independent of the halogen concentration, and thus depends on the rate of ionization of the ketone in presence of the basic catalyst, usually an anion B . In each case two of the hydrogens of the group -CO. CHa. CO-are eventually substituted by bromine, and the general kinetic scheme may be written as follows: In this scheme i?Ha and i?HBr represent the keto-forms of the ketonic substances concerned, and kx and k2 are first-order velocity constants, the catalyst concen remaining effectively constant. In previous work with acetylacetone (Bell & Lidwell 1940) it was assumed th a t k2^>kx, leading to simple first-order kinetics, but we shall see th a t this assumption is not justified. The more general case (kx ~ k2) has been treated by Pedersen (1933) , who has also taken into account the equilibrium fraction of enol, e, present in the original ketone solution, which will be brominated instan taneously. The resulting kinetic expression is
where c = initial total ketone concentration, x -equivalents of bromine present at time t in JBHBr + _RBra, kx, k2 = first-order constants in terms of decadic logarithms,
This expression reduces to a simple first-order change only if k2 > kt, or -2k2. In other cases it should be possible in principle to deduce the values of kx and k2 from the observed course of the bromination, but in practice this can only be done by a laborious process of trial and error, and the resulting values of k2 are not of high accuracy (cf. Pedersen 1933 (cf. Pedersen , 1934 .
If it is possible to study separately the bromination of IJHBr, thus obtaining k2, then kx can be obtained fairly easily from the observed bromination kinetics of B H 2. This is most readily done by a process of interpolation. A value is assumed for r (= k^kj), and values of the expression
are plotted against t. If the correct value has been chosen for r, the resulting plot will be a straight line of slope kx (= k2jr), while an incorrect value for kx will give a line which may be noticeably curved, and will in any case have a slope differing from the value assumed for kv By taking a series of values for the correct value can be obtained by interpolation. (If k2 is appreciably greater than klt an approximate value for kx can be obtained by plotting log10 (c -^x) against t.) This procedure is satisfactory only if r differs considerably from unity. If we put r = 1 in equation (2) the first term vanishes, and for any value of r close to unity the plot of X against t is insensitive to the experimental values of x. In the range 0*7 <r< 1*3 the best method is to write r = 1 in equation (1) sz powers of r j .Correct to terms in tj2 (which is suffic (1) then becomes (c -Ja;)/c = 10_&i*{l -£e+ 1*15&2£(1 -e -
Defining an expression Y by
Y is plotted against t for a series of values of When the right value of tj is chosen, the resulting plot will be a straight line of slope kx = k j r = k2l(l+ ij). Examples of these procedures are given later in the paper. The monobromo-derivatives of acetylacetone and benzoylacetone are not well characterized, and no attem pt was made to prepare them in a pure state. Their bromination in solution can, however, be studied by the following procedure. Both acetylacetone and benzoylacetone are sufficiently strong acids (p K~ 9) to be converted almost completely to the enolate ion by a slight excess of alkali. Both the ion and the enol are known to react instantaneously with bromine, so th a t on adding an excess of bromine solution (if necessary containing buffer solution) to a solution of ketone containing a slight excess of alkali the monobromoketone is formed instantaneously and is then brominated further a t a measurable rate, enabling k2 to be measured directly.
(b) Experimental procedure
Acetylacetone was redistilled twice and had b.p. 139° C. Benzoylacetone had m.p. 57° C, unchanged by recrystallizing from aqueous alcohol. The acids used for preparing buffer solutions were either A.R. samples or were purified by recrystalliza tion or distillation, their purity being checked by titration against standard sodium hydroxide solution which was in turn standardized against constant-boiling hydro chloric acid. The glycollate buffer solutions were made from recrystallized sodium glycollate. All solutions were made up with boiled-out distilled water using grade A volumetric apparatus. The automatic pipette used for delivering bromine solutions was of the type described by Bell, Lidwell & Vaughan-Jackson (1936) .
The kinetic measurements were carried out a t 25 ± 0-01° C, and the ketone con centration in the reaction mixtures was about 4 x 10-4 throughout. Owing to the limited solubility of benzoylacetone in water some of the measurements with this ketone were made in solutions containing 3 % of alcohol or acetone, it being found th a t 7 % of organic solvent had no detectable effect upon the reaction velocity. In measuring the two-stage bromination process, 20 ml. of a solution was prepared containing ketone, buffer, and enough sodium chloride to make the ionic strength of the final solution up to 0-1. Approximately 1ml. of 0-5M-bromine in potassium bromide solution was transferred by an automatic pipette into a thin-walled bulb which rested inside the flask containing the ketone solution. When the whole had reached therm ostat temperature the reaction was started by breaking the bulb while shaking the flask and simultaneously starting a stop-clock by depressing a key with the foot. After a suitable interval the reaction was stopped by adding a few drops of 10 % allyl alcohol solution, and the clock simultaneously stopped, recording the reaction time to the nearest 0*1 sec. The mono-and dibromoketone were then converted into iodine by adding a crystal of potassium iodide and 2 ml. 2N-hydrochloric acid; liberation of iodine was complete within a few minutes, and it was estimated by titration with n /100 or n /200 thiosulphate using a microburette and sodium starch glycollate indicator (Peat, Bourne & Thrower 1947) . A series of experiments (normally ten to fifteen) with different times was carried out for each reaction mixture. The second stage of the reaction was followed in a similar manner, except th a t the ketone solution contained slightly over 1 equivalent of sodium hydroxide. The anion catalyst was contained in the same solution, and the admixture of the bromine solution (containing, if necessary, some strong acid) produced a buffer solution of suitable ratio. Experiments with varying concentrations of strong acid (and hence no basic catalyst other than water) gave identical results. There is therefore no detectable catalysis by acids, and the buffer ratio in the experiments with buffer'solution is not in itself important, though it must be known in order to calculate the correction due to hydrolysis of the bromine (see below).
The above technique gave reliable results with reaction times as low as 2 sec., and the half-times of the reactions studied varied between about 10 and 150 sec. The observed titres for a typical experiment (the water reaction for acetylacetone) are shown in figure 1. I t will be'seen that the titres for long reaction times do not approach closely to the theoretical end-point, and in fact show a tendency to decrease again. Benzoylacetone behaved in the same manner, though to a less marked extent, and a similar decrease in reactive halogen content has been observed in other cases (Bell & Lidwell 1940; Pedersen 1933 Pedersen , 1934 ; it is probably due to hydrolytic fission of the halogenated ketone. This complication does riot affect the earlier part of the reaction, and in calculating velocity constants only the first .half of the reaction was used for acetylacetone, and the first two-thirds for benzoylacetone.
In the overall bromination experiments the extrapolated initial titres agree closely with the equilibrium enol contents of the aqueous solutions (17 % for acetylacetone, 34% for benzoylacetone; see Eidinoff 1945), assuming one bromine atom to be introduced instantaneously. When the second stage of bromination was being studied the initial value corresponded closely with 100 % enol, and was independent of the interval (up to 20min.) which elapsed between making the solution alkaline and adding the bromine solution, thus showing that the alkali had not caused any appreciable fission of the ketone. In either case, if is the calculated titre for com plete bromination, and rt the observed titre a t time t, it was found th at log10 (r^ -rt) is a linear function of t. This is illustrated by figure 2, which gives four specimen plots for experiments with acetylacetone in monochloraeetate buffers. The arrows in dicate calculated initial titres. For the second stage of the reaction the slope of these plots gives k2 directly, and the values of k2 thus obtained are a linear function of the anion concentration, as shown in figure 3. For the overall reaction, however, the slope has no simple significance, and the data must be treated by the method described in the last section. The values of the ratio r differ sufficiently from unity to justify the Kinetics of base-catalyzed halogenation of ketones and esters 311 21-2 application of the first method described (cf. equation (2)). As an example of the results obtained the data for monochloracetate solutions are given in table 1. In this and in all subsequent tables the values of c, the anion concentration, have been R . P . B e ll, E . G elles a n d E v a M oller corrected for the acid produced and for the hydrolysis of bromine as described in earlier papers (Bell et al. 1948, p. 483) .N The values of are interpolated from the plot shown in figure 3. In the experiments with monochioracetate solutions recorded in table 1 a consider able proportion of the observed reaction is due to water catalysis, and the observed value of r is therefore intermediate between the value for water (r0 = 1*35) and the value rc for catalysis by monochioracetate. If K 2 and are the observed velocity constants for the bromination of bromoacetylacetone in water and in monochior acetate solution respectively, the value of the ratio r obtained by the above procedure is given by
Kinetics of base-catalyzed halogenation of ketones and esters
whence the value of rc (given in the last column of table 3) can be obtained in terms of measured quantities.
The date for the other anions are similar, and only a summary will be given (table  2) . The catalytic constants (kb) for bromoacetylacetone were obtained from the plot of k2 against c (see figure 3) , and those for acetylacetone derived by using the values of rc calculated as in table 1. To facilitate comparison with the results of Bell & Lidwell (1940) the catalytic constants are expressed in l./molemin., i.e. the velocity constants of table 1 have been multiplied by 2*303 x 60. The catalytic constants for bromoacetylacetone are probably not more accurate than ± 5 % because of the very high rates studied, and those for acetylacetone will be subject to somewhat greater errors in view of the indirect method used for deriving them. ,-----------------------*----------------------- The bromination of acetylacetone has been previously studied by Bell & Lidwell (1940) , but their results are less accurate than those obtained here, since they assumed th a t the second bromine atom is introduced much more quickly than the In all the experiments with benzoylacetone the plot of log10 (rm -rt) against t for the overall reaction had the same slope as the corresponding plot for the second stage of the reaction. This is illustrated by figure 4 which shows the slope as a function of anion concentration c for three catalysts. Most of the points represent the overall reaction, but for glycollate catalysis the solid circles refer to the second stage; similar results were obtained for the other catalysts, where the points for the two stages lie too closely together to be plotted separately.
From equation (1) this identity of slopes can arise only if Jc2 = i.e. r -This appears to be so within experimental error for all the catalysts studied, and we have therefore tabulated only the catalytic constants for benzoylacetone (table 3) ; those for bromobenzoylacetone are half as great.
R . P . B e ll, E . G elles a n d E v a M oller M e a s u r e m e n t s w it h e t h y l a c e t o a c e t a t e , e t h y l a-BROMOACETOACETATE AND OTHER SUBSTRATES
The bromination of ethyl acetoacetate has been studied by Pedersen (1933,I934)> who concluded from a laborious analysis of the rate of overall bromination th a t the a-bromoester was brominated about 12 times as fast as the original ester, this ratio varying little from one catalyst to another. He considered the possibility of bromina tion experiments with the a-bromoester, but stated th a t it was insufficiently stable for quantitative measurements. We have made further measurements on the rate of bromination of ethyl a-bromoacetoacetate, partly by preparing it in , and partly by using the pure ester; our results differ considerably from those of Pedersen.
E thyl acetoacetate is a considerably weaker acid than acetylacetone or benzoyl acetone, having a dissociation constant of 2 x 10-11 (Eidinoff 1945), and it therefore requires a very large excess of sodium hydroxide to convert it completely to the enolate ion. If bromination experiments are carried out w ith those solutions the initial titres are much less than those calculated for 100 % conversion to enol; this is due to the alkaline cleavage of the acetoacetic ester, and precludes the direct use of the method described in the last section for measuring the rate of bromination of the monobromoester. I t is, however, possible to prepare sufficiently stable solutions with hydroxyl-ion concentration up to about 5 x 10~8, in which the enol content is known either by calculation or by extrapolating the observed titres to zero time. I f the fraction of enol thus found is E , the course o equation (1) as m . " <r" -r ,) K = (1~f )(2, r~1) 10 10-**',
where rt is the titre after time t. For the bromination of acetoacetic ester to which no alkali had been added, the corresponding equation is 2r -1 1 <r" -f f l/r, = --1 0 -'> ' -} 10"**,
neglecting the very small proportion of enol (0-4 %) in the aqueous solution. Com bining equations (6) and (7) we find
so th a t a plot of log10{(r00 -rt) -(1 -E) (r*, -r't)} against t shoul of slope k2.
Two typical experiments used solutions of the following compositions: The acetoacetic ester was purified by two distillations under reduced pressure, and the technique used was exactly the same as for benzoylacetone and acetylacetone. The bromine solution contained enough acid to neutralize all the alkali present, so th a t the value of k2 represents rate of bromination of a-bromoacetoacetic ester in the absence of catalysts other than the water molecule. Some cleavage of acetoacetic ester or its bromination products takes place in the later stages of the bromination, and the titres for long reaction times fall short of the theoretical value. However, this complication does not affect the first 2 to 3 min. of the reaction, and figure 5 shows the plots of log10 {(r^ -rt) -(1 -E) (rw -r't)} against t for the two experiments listed above. The plots are linear and parallel within the experimental error. In further confirmation of the value of k2 we have carried out experiments with pure a-bromoacetoacetic ester, prepared by the method of Briihl (1903) and purified by distillation under reduced pressure (b.p. 97 to 98°/8mm.). An aqueous solution prepared from freshly distilled ester liberated the theoretical amount of iodine from potassium iodide, and the titre remained constant for some hours, after which it fell slowly, probably because of the transformation of a-bromoester into y-bromoester (see Macbeth 1923; Kharasch, Stemfeld & Mayo 1937) . The bromination experiments were carried out with freshly prepared solutions and lasted only a few minutes. The plot marked 3 in figure 5 refers to such an experiment in slightly acid solution; it is parallel to the other two plots within experimental error. The slope of the lines in figure 5 corresponds to k2 = 0-15 (min.-1, log10) compared with the value of 0-38 given by Pedersen (1933) . We are unable to account for this discrepancy, especially since later work by the same author using a different experi mental technique (Pedersen 1948) also gives 11. However, the method of calculation used by Pedersen is insensitive to variations in k2, and may have been affected by a side-reaction taking place to a small extent. In any case the value obtained for kx (corresponding to the introduction of the first bromine atom into aoetoacetic ester) will depend very little on whether k2jkx ~ 5 (as we have found) or kJk-L~ 10 (as given by Pedersen); in either case a direct plot of log10 (r* -rt) against t for the overall reaction will give k x w ithout serious err in acid solution we find by this m ethod kx -0*030 In investigating the effect of anion catalysts we have therefore n o t attem p ted to evaluate k2, b u t have determined kx (and the corre from logarithmic plots of the overall brom ination rate. The results obtained are given in table 4. Ca t a l y t ic c o n s t a n t s f o r t h e b r q m in a t F or comparison with a-bromoacetoacetic ester some experim ents were also m ade w ith bromomalonic ester. Previous work (Bell 1946 ) had indicated th a t this ester was brom inated considerably more rapidly th a n malonic ester itself, b u t no quantitative data were available. Bromomalonic ester was prepared as described in Organic Syntheses (Collective vol. 1, p. 240) and had b.p. 121 to 122° C/14 mm. Brom ination experiments were carried out in slightly acid solutions containing about 4 x 1 0~4 m ester, using the technique described by Bell et al. (1946) . The plots of log10 (r^ -rt) against t were linear over approxim ately the first half of the reaction, and two experiments gave for the first-order constant (in m in .-1, log10) 103&2 = 8*0, and 7*7; m ean k2 = 7*9 x 10~8. This represents the velocity of the w ater-catalyzed reaction, and the corresponding velocity for malonic ester itself is 6*3 x 10~4.
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D is c u s s io n
In previous work on base-catalyzed reactions relations have been found to exist between th e catalytic constant of an anion, kb, and its basic strength, conveniently measured by 1/K A, where K A is the dissociation constant of the c o r r e sp o n d F or halogenation reactions these relations have only been tested for a very lim ited num ber of catalysts, and it is of interest to see how far th ey are valid for the more extensive range of catalysts studied here. Figure 6 shows a plot of log10 kb against l°Sio f°r fhe brom ination of acetoacetic ester and acetylacetone (see tables 2 and 4), and it will be seen th a t the relation is obeyed reasonably well in each case. This is not the case in the brom ination of bromoacetylacetone and benzoylacetone (see figure 7) , where there is a general trend tow ards an increase of kb w ith decreasing K a , b u t no quantitative relation.
In seeking an explanation of these divergencies, it is noteworthy th at the points for catalysis by acetate, glycollate and monochloracetate ions lie accurately on a straight line for each of the substrates studied, while the remaining catalysts, which contain large groups (alkyl, aryl or bromo-groups) deviations are detectable for acetoacetic ester and acetylacetone, and become large (up to nearly 300 %) for bromoacetylacetone and benzoylacetone, which also contain large groups. I t therefore seems reasonable to attribute such deviations to the proximity of a large group in the catalyst to a similar group in the substrate, which will affect the transition state of the reaction, but will not contribute anything to the dissociation constant which is used as a measure of the basic strength of the catalyst* There will be some direct interaction between the two groups, bu t a more im portant factor is probably the necessity of making a cavity in the solvent, thereby doing away with some of the interactions between the water molecules. When the two groups are close together they will cause the separation of fewer water molecules than when they are apart, and this factor will tend to make the transition state more stable. The order of magnitude of such an effect can be estimated from the work of Butler (1937) on the solubilities of homologous series of molecules in water: he found th a t the addition of each CHa group caused on the average an increase of 160 cal./mole in the free energy of solution, and of 1570 cal./mole in the heat of solution. An effect of this kind would therefore be quite adequate to account for the increases of reaction velocity referred to above, the largest of which corresponds to a decrease of 800 cal./ mole in the free energy of the transition state.
I t seems justifiable to consider th a t catalysis by the acetate, glycollate and chloracetate ions does not involve effects of this kind, since they do not contain large groups, and they conform accurately to an equation of the type kb = Q { \lK A)* N (9) t for each reaction studied. We have therefore used the results for these three ions (and for water catalysis) in making a comparison between the various ketonic substances whose halogenation has been studied. Previous work has shown th a t there is a correlation between the value of a in equation (9) and the reactivity of the substrate. The latter is conveniently measured by R, which is a measure of the rate of ionization of the ketone in presence of unit concentration of a catalyst with K a = 10-4, corrected for statistical differences between the different ketones. In previous papers kb has not always been given in the same units and we have, therefore collected all the available data in table 5, in which is in l./mole, min. We have also modified the method of making a statistical correction for the presence of more than one ionizable hydrogen in the substrate molecule. In previous papers (Bell & Lidwell 1940; Bell 1943 ) several hydrogen atoms on the same carbon were reckoned as one hydrogen, while in table 5 they are counted separately; e.g. the velocity for acetone has been divided by 6 rather than by 2. We have made this modification because bromobenzoylacetone has been found to brominate only half as fast as benzoylacetone itself, and it seems unlikely th a t the introduction of a bromine atom should decrease the tendency to ionize. The Ghoice of statistical correction does not affect any of the main conclusions drawn. The values of a and R for a-bromoacetoacetic ester have been omitted from the table, since the work described in the preceding section makes it probable th a t the values given by Pedersen (1933) for this substance are in error, and our present values for acetylacetone have been substituted for the earlier values of Bell & Lidwell. I t will be seen th a t the decrease in a with increasing reactivity, originally suggested on the basis of less complete data, is fully borne out by the fuller and more Accurate results now available. The only marked exception to this regularity is now acetoacetic acid, and the value of a for this substance is not known with certainty, being based on two catalysts only, and on extrapolation from 18 to 25° C. On the other hand, the explanation originally advanced to explain the decrease in a (Lidwell & Bell 1940 ) is probably not wholly correct. This explanation assumed th a t the potential energy curves for protontransfer had the same shape over the whole range of ketones concerned, and th at the varying value of a corresponded to the change of slope on moving up and down this curve. I t was difficult to account on this basis for the large changes in a found experimentally and more recently (Bell & Higginson 1949 ) both experimental and theoretical evidence has been presented to show th at the shape of the potential energy curves will depend on the extent to which a change of electronic structure takes place on the transfer of a proton. This will account for the low values of a found for the /?-diketones and ketonic esters in table 5, for which the charge in the anion is spread fairly evenly over two oxygen atoms. I t is of course this same spread of charge (or mesomerism) which makes these ketones relatively strong acids and gives them high rates of ionization.
Other points of structural interest emerge from table 5, notably the effect on the ionization velocity of substituting one hydrogen by bromine in the active ^>CH2 group. The data are most complete for the water reaction, though essentially the *same picture is given by the results for anion catalysis. The relevant figures are given in table 6. The effect of bromine substitution decreases in a striking manner as the reactivity of the ketone increases, and is relatively small in the /?-diketones. This can again be related to the spread of charge in the anions of the latter. I f the bromine can increase the stability of the anion by the attraction between the negative charge and the positive end of the C+-B r-dipole, then this stabilization will be diminished when the charge is removed almost completely from the carbon by being spread more or less evenly over two oxygens. Our thanks are due to the International Federation of University Women for a grant to one of us (E.M.).
